. As such, dysfunction in the TRN could plausibly produce wideranging behavioural abnormalities.
Focusing on the TRN, Wells et al. traced a route from gene to behaviour in Ptchd1 mutant mice. The authors monitored the activity of TRN neurons, and found fewer bursts of activity in mutant animals than in controls. These changes were attributable to a drastic reduction in the activity of the SK-channel protein, which mediates passage of potassium ions across the cell membrane and normally promotes activity bursts. With reduced levels of channel activity, and reduced numbers of bursts, TRN neurons fail to properly inhibit activity in other regions of the thalamus, including the lateral geniculate nucleus -the main visual relay between the eyes and the brain's visual cortex. This failure to properly inhibit thalamic relays seems to disrupt visual attention, among other behaviours.
Which of the wide-ranging abnormalities seen in the Ptchd1 mutant mice truly depend on this disruption of TRN function? To answer this question, Wells et al. generated mice that lacked the Ptchd1 gene exclusively in the TRN. In a remarkable dissociation of symptoms, they found that TRN-restricted Ptchd1 mutant mice display hyperactivity and deficits in sleep and attention, but do not exhibit the learning deficits and hyper-aggression observed in mice carrying the brain-wide mutation (Fig. 1) . Moreover, using a pharmacological agent to restore SK-channel function in adult mice, Wells et al. were able to re-establish activity levels in the thalamic relays controlled by the TRN. This reversed abnormal hyperactivity and deficits in sleep and attention, but not impaired learning or hyper-aggression. Successful restoration of normal sleep and attention in adult animals raises hopes that treatments targeting the SK channel might benefit people with PTCHD1 mutations, and perhaps also those with autism spectrum disorder caused by other factors.
The authors' study indicates that both TRN-specific deletion of PTCHD1 and systemic enhancements in SK-channel function affect the same subset of behavioural outcomes. This consistency strongly supports the idea that PTCHD1 exerts its effects on TRN function (and therefore on activity, sleep and attention) through the SK channel. However, the findings also argue that the effects of PTCHD1 on learning and aggression are caused by an altogether different mechanism that both acts outside the TRN and is independent of SK-channel function. Determining which brain regions and biochemical pathways might be responsible for these behavioural changes will probably be important for fully reversing the deficits caused by PTCHD1 mutations.
Wells et al. have placed their fingertips on the loose thread of PTCHD1 expression, following it to the TRN, through the SK channel and to its end in behaviours associated with neurodevelopmental disease. In doing so, they have identified the SK channel as a potential pharmacological target for treating autism spectrum disorder, while simultaneously highlighting the usefulness of animal models of human genetic conditions for studying neurodevelopmental and psychiatric diseases. Although the role of PTCHD1 in learning and aggression remains elusive, the current paper shows one way to navigate the daunting complexity of neuronal-circuit function to reveal the mechanisms by which gene dysfunction leads to changes in behaviour. ■ 
Scott Bolkan is in the Department

T H O M A S W. G L OV E R & T H O M A S E . W I L S O N
S tudies over the past decade have revealed a surprising degree of structural variation in human genomes. Structural variants (SVs) in germline DNA are now known to be a major factor in normal genomic variation and an important class of mutation in genomic disorders, and they arise frequently in cancers. Many SVs are thought to result from DNA-replication errors 1 , so they would be expected to occur at a high frequency in dividing somatic cells (those that do not undergo meiotic division). However, in contrast to heritable SVs in germline cells, little is known about somatic SVs and their impact on tissue function and disease. Writing in Cell, Wei et al. 2 provide insight into these questions by examining the landscape of DNA doublestrand breaks (DSBs) that arise in mouse neural cells.
The difficulty in studying somatic SVs arises primarily from technical challenges in detecting rare events in cell populations. Sensi tive sequencing technologies coupled with bio informatic tools have begun to provide glimpses of somatic SVs in vivo, especially in the brain, where up to 40% of individual neurons have been found to contain megabasescale copy-number variations (CNVs; a form of SV in which the number of copies of a genomic region varies between cells or individuals) 3, 4 . However, because of the low resolution of many approaches, the true prevalence of SVs in neurons or other cells, and the mechanisms by which they arise, are unknown.
Wei et al. used a sensitive, targeted assay known as high-throughput genomic translocation sequencing. This method allows genome-wide detection of naturally occurring 'prey' DSBs using experimentally induced 'bait' DSBs targeted elsewhere in the genome. The two DSBs are joined by cellular DNArepair processes, leading to a translocation between the genomic regions. Sequencing of the resulting breakpoint junction allows mapping and characterization of the DSBs at nucleotide-level resolution.
The authors first created DSBs at bait loci on three mouse chromosomes in cultured neural stem/progenitor cells (NSPCs) that lacked the protein Xrcc4, which is essential for a DSB-repair process called non-homologous end-joining (NHEJ); preventing this joining enriches for cells with rearrangements. The cells also lacked the protein p53; this lack promotes cell survival. The researchers identified thousands of prey DSBs, with 61% located close to the bait DSBs and the rest spread across the genome (Fig. 1) . Strikingly, many were found within three recurrent DSB clusters (RDCs); two of these were in the Lsamp and Npsa3 genes, which are unusually large genes that encode a neural-cell-specific adhesion molecule and a transcription factor, respectively. The third RDC reflected DSBs that occurred close to the bait.
When the authors applied the same procedure in mouse B cells (a type of immune cell), they found B-cell-specific RDCs but no
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A high-throughput approach has found clusters of DNA double-strand breaks in neural cells. Most of the clusters are in large genes that are associated with neural function, which suggests that the breaks may have tissue-specific roles.
translocations involving Lsamp. Transcription analysis showed Lsamp expression in NSPCs but not B cells, suggesting that the susceptibility of certain genetic regions to DSBs in certain cell types is mechanistically linked to transcription.
The authors then examined the impact of DNA-replication stress on DSBs by treating NSPCs with low doses of aphidicolin, an inhibitor of DNA polymerase enzymes that is widely used to study common fragile site (CFS) instability 5 . This approach identified 24 additional RDCs, all in genes, and more than 300 candidate RDCs. In total, 26 of the 27 RDCs were in genes larger than 400 kilobases, and 13 were in genes larger than 1 megabase, including many CFS genes. More than 90% (24 out of 26) of the RDC genes in NSPCs are involved in neural adhesion or the function of synapses (connections between neurons), and many are implicated in neurodevelopmental and neuropsychiatric disorders, including Lsamp, Nrnx1 and Dcc. All but one of the RDC genes were actively transcribed, and all but one completed replication late in the S phase of the cell cycle. Comparing the sequences at breakpoint junctions between NHEJ-proficient and NHEJ-deficient cells indicated that both canonical and alternative end-joining pathways mediate the translocations.
These findings of large gene size, active transcription, late replication and induction by replication stress strongly suggest that interference between transcription and replication contributes to the high frequency of DSBs and genomic rearrangements in NSPCs. An earlier study 5 linked these same factors to CNVs and CFSs in human fibroblast cells and mouse embryonic stem cells. The study found both spontaneous and replication-stressinduced CNVs of sizes ranging from 1 kilobase to several megabases across the genome, but with 'hotspots' in large, late-replicating, actively transcribed genes, including LSAMP in human fibroblasts and other genes with neural functions. These hotspots were also CFSs -regions in which gene structure and slowed or stalled replication led to the passage of unreplicated DNA into mitotic cell division 6, 7 . Strikingly, hotspot CNVs clustered in the centre of large genes in a pattern similar to the distribution of RDC breakpoints identified by Wei and colleagues. This instability was again evident only when the genes were transcribed. There was also considerable overlap in the genes identified in these two studies, with 5 out of 9 (56%) of the human CNV hotspots corresponding to RDC genes and 52% of the RDC genes showing CNVs in mouse embryonic stem cells. A key insight from Wei and colleagues' results is that instability at these sites is associated with DSBs. In addition to giving rise to translocations, the DSBS detected by Wei et al., which probably arise from stalled replication forks that form during DNA synthesis, might also lead to CNVs through end-joining or other DNA-repair pathways. Understanding the disposition of transcription-dependent DNA lesions between different repair pathways and their coordination in the cell cycle are challenges for future studies.
In addition to mechanistic insights, Wei and colleagues' findings have implications for our understanding of genome stability in the brain and other tissues. It has been speculated that somatic genomic rearrangements contribute to neuronal diversity, learning and memory 8 , processes in which many large RDC-associated genes function. Studies of SVs in placenta, skin and other tissues have also suggested essential roles in cell biology 9, 10 . The research group behind the current study previously showed 11 that NHEJ is essential for NSPC differentiation, which implies a role for NHEJ-mediated DSB repair during normal brain development. It is possible that subpopulations of cells in the brain display the same types of rearrangements, and that some are positively selected. Similar studies in vivo and in other tissues are needed to test this hypothesis.
The fact that many of the largest mammalian genes are transcribed in the brain and have neuronal functions supports the potential for brain-specific SVs. It is enticing to speculate that programmed SV formation could explain why large gene structure is evolutionarily conserved despite being potentially unstable. However, an alternative explanation is lengthdependent fine-tuning of gene expression through protein binding to brain-specific DNA modifications 12 . We also need to understand what other factors contribute to DSBs and SV formation at large transcribed genes and why some are more susceptible than others. Finally, knowledge of the full spectrum of SVs found in the brain and other tissues will be required to discern their potential con sequences. 2 performed an unbiased genome-wide screen for DNA double-strand breaks (DSBs) in cultured mouse neural stem/progenitor cells (NSPCs). Their assay identifies prey DSBs that have joined with experimentally induced bait DSBs to generate inter-chromosomal translocations. The researchers found hotspots for recurrent DSBs in large, actively transcribed, late-replicating genes that function in synapses between neural cells or in neural adhesion. Many more recurrent DSB clusters were identified when the cells were subjected to replication stress. These DSBs could lead to genomic rearrangements that contribute to genetic heterogeneity in different cells of the brain or other tissues, giving rise to functional consequences in vivo.
